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MICROWAVE-ASSISTED AZIDE-ALKYNE 
CYCLOADDITION IN WATER USING A 
HETEROGENEOUS Cu-CATALYST

Katharina Jacob and Achim Stolle
Institute for Technical Chemistry and Environmental Chemistry (ITUC), 
Friedrich-Schiller University Jena, Jena, Germany

GRAPHICAL ABSTRACT

Abstract Several triazoles have been synthesized. They were obtained by a Cu-catalyzed 
cyclo addition of azides and alkynes. The reaction takes place in aqueous media under micro-
wave irradiation using a copper catalyst based on porous glass. The products have been char-
acterized by infrared, gas chromatography–mass spectrometry, 1H NMR, and 13 C NMR in 
addition to melting =  point determination. Furthermore the in situ building of some azides 
and alkynes and the influence of the used metal species was investigated.

Keywords Alkyne; azide; copper; heterogeneous catalysis; microwave 

INTRODUCTION 

Huisgen described the reaction of  azides and alkynes under thermal con-
ditions forming two triazoles, the 1,4- and the 1,5-substituted regioisomers.[1] If  
a copper catalyst is used in this reaction the 1,4-adduct is formed selectively,[2] 
whereas the utilization of  ruthenium as catalytic metal in respective complexes or 
salts leads to the 1,5-substituted 1,2,3-triazole.[3] The mechanistic considerations 
of  both reactions are quite different. With copper, a Cu-acetylide and afterward a 
six-membered copper(III) metallacycle are proposed as important intermediates. 
The ruthenium catalyst forms an activated complex with the educts, whereby termi-
nal and internal alkynes can be converted.[3,4] Most of  the known synthetic routes 
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1252 K. JACOB AND A. STOLLE

are carried out with homogeneous catalysts.[5] In the case of  heterogeneous cataly-
sis, only some examples have been reported: Cu/activated carbon,[6] CuI-polymer 
catalysts,[7] Cu/zeolites,[8] magnetically recoverable CuFe2O4,[9] CuI immobilized 
on surface-modified silica,[10] Cu/chitosan,[11] ionic liquid–Cu(I) complex,[12] and 
Cu/porous glass, to name a few.[13] The application of  Cu-nanoparticles has been 
described also,[6c,14] whereas in Ru-catalyzed reactions only homogeneous vari-
ants have been reported.[5c,15] It was possible to evaluate the general applicability 
of  a solid Cu/porous glass catalyst by performing copper-catalyzed azide–alkyne 
cycloaddition reactions with different substrates. Beside terminal alkynes some 
internal alkynes were assessed also. The products were characterized by infrared 
(IR) measurement, 1H– and 13 C NMR, as and by their melting points, in cases of 
solid products. Furthermore, catalysts with different metals are used to investigate 
the influence of  the active species on the selectivity of  the reaction. In addition 
to Cu-based catalysts, porous glasses coated with Ru or transition metals such us 
rhodium, palladium, cobalt and silver were compared with respect to their activity 
and reactivity.

RESULTS AND DISCUSSION 

The catalyst used for the present investigations is porous glass, which is prac-
tically a quartz glass with defined pore structure.[16] The aspherical glass particles 
were impregnated with Cu(OAc)2 and calcined for a specific amount of time to avoid 
leaching of the metal from the support material. The catalyst was characterized using 
ICP-OES, BET, and microscopic studies to gain information on the actual metal load-
ing, surface area, and metal particle dispersion on the support’s surface.[13] This cata-
lyst was subjected to catalytic tests in a laboratory microwave reactor. The reaction 
of benzyl azide (1a) or azidodecane (1b) and alkynes (2) forming 1,2,3-triazoles (3; 
Scheme 1) was investigated using water as solvent and sodium ascorbate as reducing 
agent.

The application of different metal precursors in the catalyst preparation resulted 
in different porous glass catalysts (metal/TP), which were subjected to the model reac-
tion (1a and phenylacetylene, 2a; Fig. 1). All catalysts have the same metal loading of 
1 wt% and were used after calcination. The copper-containing catalysts reach selectivi-
ties for the 1,4-substituted 1,2,3-triazole of >98%. The other metal precursors did not 
influence the selectivity and conversion, which is especially evident when compared 
to the blank test, which is identical to the thermal cycloaddition process. The conver-
sion is always below 15%, mostly 10%. The catalysts deliver a mixture of both triazole 
isomers in a 1:1 ratio, even for the Ru/TP catalyst. Moreover, utilization of Ru/TP 
in dimethylformamide (DMF) as solvent as indicated in the literature for homogene-
ous catalysis[17] did not give any conversion under the present experimental conditions. 
Only the application of silver (Ag/TP) as catalytic species resulted in approximately 
60% selectivity for the 1,4-adduct. The selectivities and conversions of the metal-cat-
alyzed reactions (except for Cu) can be justified with a thermal rather than a catalytic 
reaction pathway. In the classical Huisgen cycloaddition, the reaction mixture is only 
heated up without catalysts and both triazole regioisomers are formed in the same 
proportion.[1,18]
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 POROUS GLASS IN CLICK CHEMISTRY  1253

Results with the Cu/TP catalyst using different azides and alkynes are summa-
rized in Table 1. Generally, the reactions were regioselective in favor of the 1,4-substi-
tuted triazole (>99% selectivity).

The reactions with different alkynes and azides led to accaptable results. The 
isolated yield for the reaction of 1a and phenylacetylene (2a) is 81% (Table 1, entry 1). 

Scheme 1. Copper-catalyzed reaction of azides and alkynes forming 1,4-substituted 1,2,3-triazoles. 

Figure 1. Influence of the metal type on conversion and regioselectivity. (Reaction conditions: 0.5 mmol 
benzyl azide, 0.55 mmol phenylacetylene, 50 mg catalyst, theoretical metal-loading 1 wt%, 50 mg sodium 
ascorbate, 5 ml deionized H2O, microwave heating, 10 min, 80 °C; the conversion was calculated about a 
calibration with benzyl azide measured with GC-FID; the selectivity was calculated out of the peak area 
ratio.) *without sodium ascorbate.
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1254 K. JACOB AND A. STOLLE

The application of p-tolylacetylene (2b) resulted in 72% yield, whereas the reaction 
of p-methoxyphenylacetylene (2c) and 1a led to inferior yields only. The values for 
1-decyne (2d), 1-dodecyne (2e), and 3-methyl-1-penten-4-yn-3-ol (2 g) are greater than 
90%. Using 2-methyl-3-butyn-2-ol (2f) as the alkyne only 80% isolated product was 
achieved. The product from dehydrolinalool (2 h) and 1a yielded 95% of the respective 
triazole. Similar to the reaction with 2c, the Cu-catalyzed reaction of 1a with methyl 
propiolate (2i) or 2k afforded only 45 and 43%, respectively. Conversion of 2k under 
the experimental conditions afforded a product identical to the one resulting from the 
reaction of 2i (based on spectroscopic characterization with 1H and 13 C NMR as well 
as retention time in chromatographic studies). The protecting group (TMS) was appar-
ently cleaved in situ, forming the terminal alkyne. Subjecting 2a to the reaction in pres-
ence of 1b gave only 44% isolated yield, whereas the analytical yield is insignificantly 
higher. The utilization of methyl 4-hydroxy-2-hexynoate (2l) as well as the employment 
of 2-(trimethylsilyl)phenyl trifluoromethanesulfonate as alkynes showed no reactivity 
at all under the experimental prerequisites. The last alkyne is a typical aryne precur-
sor. To remove the protecting groups and initiate the aryne formation, KF was added. 
Unfortunately, no reaction was observed, which can be justified due to the low basicity 
of KF in comparison to, for instance, CsF in presence of 18-crown-6.[19]

Different attempts were conducted to carry out SN2-substitution and Cu-catalyzed 
azide–alkyne cycloaddition as a one-pot reaction (Scheme 2, Table 2).[10a,20] The conver-
sions of 2a, sodium azide, and p-chlorotoluene or 1-chlorodecane gave no reaction at all. 
Only the use of benzyl chloride was successful resulting in a conversion of >50%. The 
yield of the final 1,4-substituted 1,2,3-triazole was 23 or 40% depending on the reac-
tion temperature. The regioselectivity was greater than 95% in favor of 3, whereas the 

Table 1. Results from the Cu/porous glass–catalyzed azide–alkyne cycloaddition (Scheme 1) 

Entry Azide Alkyne Triazole
Isolated 

yielda [%]
analytical 
yieldb [%]

1 1a 2a 3a 81 91
2 1a 2b 3b 72 88
3 1a 2c 3c 43 87
4 1a 2d 3d 90 92
5 1a 2e 3e 95 93
6 1a 2f 3f 80 97
7 1a 2 g 3 g 90 98
8 1a 2 h 3 h 95 96
9 1a 2i 3i 45 80

10 1a 2j 3j 66 58
11c 1a 2k 3i 43 69
12 1a 2l No reaction — —
13 1a d + KF No reaction — —
14e 1b 2a 3 m 44 54

Note. Reaction conditions: 0.5 mmol azide (1), 0.55 mmol alkyne (2a), 50 mg catalyst, theoretical 
Cu-loading 1 wt%, 50 mg sodium ascorbate, 5 ml deionized H2O, microwave heating, 10 min, 80 °C (300 W).

a Isolated yields (averages from two independent reaction sequences).
b The analytical yield was determined from conversion calculated via calibration with benzyl azide mea-

sured with GC-FID.
c Same product as entry 9. 
d Alkyne = 2-(trimethylsilyl)phenyl trifluoromethanesulfonate. 
e Reaction at 100 °C.

D
ow

nl
oa

de
d 

by
 [

G
eo

rg
e 

M
as

on
 U

ni
ve

rs
ity

] 
at

 0
1:

59
 3

0 
Se

pt
em

be
r 

20
14

 



 POROUS GLASS IN CLICK CHEMISTRY  1255

difference between conversion of Bn-Cl and 3 equals the in situ–formed amount of 1a. 
In the first step 1a is formed in situ and afterward the triazole can be synthesized by 
Cu-catalyzed cycloaddition. By an increase of the reaction time the selectivity can be 
improved. As side product small amounts of benzyl alcohol (<5%) were formed due to 
the solvolysis of the chloride. Reaction in the absence of sodium ascorbate seems to con-
firm the findings of Mohammed et al. (clay-supported Cu-catalyst)[21] that the selectivity 
can be increased, resulting in greater conversions and yields. Especially the ratio of 3 and 
1a increases in favor of the former, which might be a starting point for further optimi-
zation. However, under the present reaction conditions the effect is less pronounced as 
reported earlier for the evaluation of the role of sodium ascorbate in the Cu/TP-catalyzed 
cycloaddition of 1a and 2a as well as for the solid-state cycloaddition of 1b and 2a.[13,22]

CONCLUSION 

The microwave-assisted reaction of alkynes and azides in water using porous 
glass as catalyst support is widely applicable. Different alkynes and two azides were 
converted successfully. Most of the reactions yield more than 40% of the product in iso-
lated form. Additionally, it has been demonstrated that some internal alkynes were able 
to be converted as well as several propargylic alcohols. Likewise, the in-situ reaction of 
benzyl chloride, sodium azide, and phenylacetylene was realized. The use of different 
metal species for the catalyst preparation did not show high conversions, as expected.

EXPERIMENTAL 

Substrates, catalyst precursors, and methyl-test-butyl ether (MTBE) were pur-
chased from Alfa Aesar, Sigma-Aldrich, or Merck. The porous glass support was pur-
chased from VitraBio (Steinach, Germany). All chemicals were used without further 
purification.

Table 2. One-pot reaction of chlorides, sodium azide, and phenylacetylene (2a)

Entry Chloride (R-Cl)
Conversion of R-Cla,b 

[%] at 80/100 °C
Yield for 3a,c [%] 

at 80/100 °C

1 p-Chlorotoluene No reaction —
2 1-Chlorodecane No reaction —
3 Benzyl chloride 42 / 51 23 / 40
4 Benzyl chlorided 49 / 63 37 / 55

Note. Reaction conditions: 0.5 mmol chloride, 0.5 mmol NaN3, 0.55 mmol 2a, 50 mg catalyst, theoretical 
Cu-loading 1 wt%, 50 mg sodium ascorbate, 5 ml deionized H2O.

a Microwave heating, 10 min (300 W). 
b The conversion of chloride was calculated from calibrated peak area of GC-FID. 
c Yield of the azide was calculated from the peak area ratio of the product. 
d Without sodium ascorbate.
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1256 K. JACOB AND A. STOLLE

Standard Preparation Procedure for Catalysis 

Cu(AcO)2 monohydrate (0.16 mmol, 32 mg) was dissolved in 50 ml ethanol in 
a round-bottom flask. The porous glass support (1 g) was added to the mixture. The 
suspension was sonicated for 5–10 min at room temperature (ultrasound bath). After 
the removal of the solvent in vacuum, the catalyst was calcined in air atmosphere 
for 2 h at 300 °C in a muffle furnace (START, MLS GmbH, Leutkirch, Germany). 
A catalyst with a metal loading of 1 wt% Cu was achieved.

General Reaction Procedure

The synthesized catalyst (50 mg, theoretical Cu loading 1 m%) was weighted in 
a MonoPrep reaction vessel (PTFE-coated glass tube for microwave applications). 
Sodium ascorbate (0.25 mmol, 50 mg), alkyne (0.55 mmol), azide (0.5 mmol), and 5 ml 
deionized water were added. After sealing the tube it was placed in middle of the cav-
ity of a microwave reactor (ETHOSplus, MLS GmbH, Germany), and equipped with 
a fiber-optic sensor for temperature m easurement. The maximum power input was set 
to 300 W during the reaction and 500 W while heating up (2 mi n).

After the reaction, the catalyst was separ ated by filtration. Solid products were 
washed with water. Afterward the products were dissolved in MTBE. The solvent was 
 removed under vacuum and the triazoles res ulted. For liquid products the catalyst 
was filtered off  and washed with MTBE. The aqueous phase was extracted twice with 
10 ml MTBE. The concerned organic phases were distillated under vacuum to remove 
the solvent and  educts.

The products were analyzed with NMR after dissolution in an appropriate 
solvent and measured with IR at room temperature. For solid products, the melting 
point was determined. Characterization data and spectral data can be found in the 
Supporting Infor mation to this article.

Analytical Information

For the characterization of the products a Bruker Avance system was used 
for NMR measurements. The chemicals were dissolved in CDCl3 and surveyed at 
room temperature. GC-MSD measurements were  performed on 6890 N from Agil ent 
Technologies. Conditions for GC-MSD: HP 5, 30 m × 0.32 mm × 0.25 µm; 10 psi He; 
in jector temperature 280 °C; detector: electron impact (70 eV). Temperatur e program: 
70 °C (hold 3 min), 15 K min−1 up to 280 °C (hold for 8 min). Melti ng points were 
determined using the SM P 10 melting-point equipment from Bibby Stuart Scientific.
The IR spectrums were recorded with the FT-IR Spectrometer Spectrum 100 from 
Perkin-Elmer. The substances were placed directly on the analysis section without 
prior treatment (ATR measurements).

SUPPLEMENTAL MATERIAL

Supplemental data for this article can be accessed on the publisher’s website.
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